All relevant data are available at <https://dx.doi.org/10.6084/m9.figshare.12480314>.

Introduction {#sec001}
============

Functional working memory (WM) performance is one factor that represents an individual's cognitive processing characteristics. WM refers to a cognitive system that holds and manipulates information for a given task over a short period of time \[[@pone.0238235.ref001]\] and relates to spatial information processing \[[@pone.0238235.ref002]\]. Several previous studies have focused on individual differences in quantitative WM aspects, such as memory capacity. Indeed, individual WM capacity predicts performance on a variety of cognitive \[[@pone.0238235.ref003], [@pone.0238235.ref004]\] and motor \[[@pone.0238235.ref005], [@pone.0238235.ref006]\] tasks. Evidence that individuals with greater abilities in specific domains, such as motor imagery vividness \[[@pone.0238235.ref007]\] and attentional control ability \[[@pone.0238235.ref008]\], also shows that superior motor learning indicates the importance of quantitative aspects of cognitive function.

In addition to the quantitative level, qualitative aspects influence individual cognitive function. We recently found that cognitive processing is dependent on efficient individual sensory processing (modality dominance) between internal body information, such as tactile or somatosensory stimuli, and external body information, such as visual stimuli \[[@pone.0238235.ref009]--[@pone.0238235.ref011]\]. These previous studies found that individuals with visual imagery dominance demonstrated better motor performance when using an external focus attentional strategy that required one's attention toward a body movement outcome. Conversely, those with kinesthetic imagery dominance demonstrated better motor performance when using an internal focus attentional strategy that required one's attention toward a body movement itself. It is currently unknown whether modality dominance is a qualitative WM parameter, like motor imagery and attentional strategy. However, considering sensory modality-dependence in WM, such as tactile and visual WM \[[@pone.0238235.ref012], [@pone.0238235.ref013]\], and the strong interactions between different cognitive functions, like attention, and WM \[[@pone.0238235.ref004], [@pone.0238235.ref014]\], we can expect that modality dominance is also a qualitative characteristic of individual WM abilities.

The neurological basis underlying qualitative individual differences in WM mediated by modality dominance is also unclear. Combined behavioral and neuroimaging studies have the potential to expand our knowledge of the neurological basis of modality dominance in WM. The bilateral prefrontal area in particular, including the dorsolateral prefrontal cortex (DLPFC) and frontopolar cortex (FPC), is widely recognized as a critical structure for WM. Previous studies have reported that the right DLPFC can maintain several forms of information such as visuospatial or tactile. In a transcranial direct current stimulation study, anodal stimulation over the right DLPFC improved accuracy for memorizing visuospatial locations \[[@pone.0238235.ref015]\]. In addition to the DLPFC, the FPC is also associated with visual spatial memory \[[@pone.0238235.ref016], [@pone.0238235.ref017]\]. While a study reported that the right prefrontal area contributes to the maintenance of tactile stimuli in WM \[[@pone.0238235.ref018]\], the majority have concluded that the right area mainly processes visuospatial information. By contrast, activation of the left DLPFC correlated with discrimination accuracy for two successive somatosensory stimuli, suggesting that the left DLPFC has an important role in WM for tactile information \[[@pone.0238235.ref019]\]. Left FPC activation was also associated with WM required to maintain representations of haptic information and to integrate spatial and motor components \[[@pone.0238235.ref020]\]. Furthermore, according to a meta-analysis, the bilateral DLPFC including Brodmann areas 9 and 46 show robust activity during n-back tasks requiring the monitoring and manipulation of spatial information \[[@pone.0238235.ref017]\]. Thus, the bilateral DLPFC and FPC are potential areas reflecting individual modality dominance in WM.

This pilot study was designed to examine whether modality dominance in WM varies among individuals and whether the prefrontal cortex is a neurological locus that reflects individual modality dominance. To evaluate individual WM modality dominance, healthy individuals performed a searching task that required them to hold spatially sequential patterns of vibrotactile or visual stimuli. We then used functional near-infrared spectroscopy (fNIRS) to observe the role of prefrontal neural activity in individual modality dominance. We predicted that different FPC or DLPFC activity would be observed according to the individual's WM modality dominance evaluated in the first searching task. Specifically, our previous study exploring individual differences in attentional strategy \[[@pone.0238235.ref021]\] demonstrated that visual dominance was associated with less prefrontal cortex activity than tactile dominance. Therefore, if modality dominance widely influences cognitive functions, less prefrontal cortex activity should be observed in individuals that excel at holding visual information.

Materials and methods {#sec002}
=====================

Participants {#sec003}
------------

Twenty-four healthy participants (mean age ± SD, 23.3 ± 4.6 years; 12 females) were recruited from the students at Jichi Medical University. All participants were right-handed as assessed by the Edinburgh Handedness Inventory (laterality 97.4 ± 7.70) \[[@pone.0238235.ref022]\]. This study was conducted in accordance with the Declaration of Helsinki and approved by the Institutional Review Board at Jichi Medical University. All participants provided written informed consent prior to participation. Each participant completed the following two tasks on the same day.

Task 1: Quantifying individual WM modality dominance {#sec004}
----------------------------------------------------

The first task aimed to quantify the degree of WM modality dominance by evaluating performance in a searching task.

### Experimental setup {#sec005}

Each participant was seated on a chair and asked to hold a digitizing-pen on a drawing tablet (Intuos4 PTK-1240/K0, Wacom, Japan) with their right hand. An LCD monitor (size: 30.5 cm × 37.7 cm) for visual stimulus presentation was placed horizontally 16.5 cm above the tablet at approximately 30 cm from the participants' eyes such that they could not see their right hand directly during experimental tasks. Further, hand position was occluded using a cloth and by maintaining head position with a fixed chin rest ([Fig 1A](#pone.0238235.g001){ref-type="fig"}). Visual stimuli presented on the monitor were programmed in MATLAB (MathWorks, Natick, MA) using Cogent Toolbox software (University College London, London, UK, <http://www.vislab.ucl.ac.uk/cogent.php>). The position of the digitizing-pen tip was recorded using the Cogent Toolbox with sampling at 60 Hz. A vibration motor presenting vibrotactile stimuli was attached to the index fingertip of the right hand.

![Experimental setup.\
(A) Each participant was required to find 7 hidden targets on a drawing tablet. (B) During the tactile condition, vibrotactile stimuli were used to inform target locations, and no information was presented on the monitor. Under the visual condition, a circular visual cursor (diameter: 5 cm) was presented indicating target locations.](pone.0238235.g001){#pone.0238235.g001}

### Procedure {#sec006}

The participants performed a searching task in which they were required to find 7 targets on the drawing tablet. These targets were randomly located and appeared sequentially one-by-one in a predetermined order. The search area on the drawing tablet was 30.5 cm × 37.7 cm and located directly below the monitor. First, participants moved the digitizing-pen to the center of the searching area. Then, after the background color of the monitor was changed as a start cue, the participants started to search for the first target. Participants were ultimately required to find all 7 targets as quickly as possible, so they had to hold spatial information, especially the target locations and appearance orders, in repeated trials.

For the searching task, we introduced two experimental conditions, a tactile condition and a visual condition that differed in cues used to hold the target locations and appearance orders. Target locations differed between tactile and visual conditions so there was no transfer across tasks. Under the tactile condition, when the tip of the digitizing-pen came into a target area on the tablet (diameter: 10 cm), a vibrotactile stimulus was presented on their right index finger from the vibration motor. By contrast, under the visual condition, a circular visual cursor was presented on the monitor just above the corresponding digitizing-pen position to indicate target location ([Fig 1B](#pone.0238235.g001){ref-type="fig"}). The vibrotactile or visual stimulus was presented continuously when the tip of the digitizing-pen was in a target area. Participants were instructed to maintain the position of the digitizing-pen for at least 0.7 s after finding a target. A beep signal was presented to inform the participant of successful target detection. Then the participants immediately started to search for the next target. A trial finished when the participant found all 7 targets.

The participants alternately performed 15 trials under each condition for 30 trials in total. The 7 target locations were consistent throughout all trials under each condition but differed between conditions. The first trial was randomly assigned as tactile or visual for each participant. To equalize task difficulty, the total distance among all targets (i.e., the sum of straight line distances connecting all targets from 1st to 7th) was the same for both conditions.

### Analysis {#sec007}

To evaluate individual motor performance, we calculated searching time (Time) and normalized movement distance (Dis) in each trial. The searching time is the duration taken to find all targets, and the normalized movement distance is the movement distance of the right hand divided by the shortest distance connecting the 7 targets by a straight line. We defined the "searching cost" by the Eq ([1](#pone.0238235.e001){ref-type="disp-formula"}) $${SearchingCost}_{i} = \sqrt{{Time}_{i}^{2} + \left( {{Dis}_{i} - 1} \right)^{2}},$$ where subscript *i* denotes the trial number (1--15 in each condition). The searching cost in each trial indicates the distance from the (0, 1) coordinate on a Time--Dis plane. This index relates to individual WM ability because holding spatial information for hidden targets can contribute to optimizing the movement path. In other words, participants with an optimized path could move their hand to the next target in the shortest distance, thereby reducing the searching time. In this scenario, faster-reduced searching costs indicate a higher WM ability to efficiently hold target locations and appearance order.

To characterize the individual modality dominance in WM, we then compared average searching costs from 2nd to 15th trials under tactile and visual conditions. The first trial was eliminated because the participants could not know the target locations and so search cost would not reflect WM ability. We subtracted the average searching cost under the tactile condition from that under the visual condition as an index of modality dominance. Therefore, positive and negative values indicate tactile-dominant individual and visual-dominant individuals, respectively.

Task 2: Recording prefrontal cortex using fNIRS {#sec008}
-----------------------------------------------

The second fNIRS task aimed to examine whether the prefrontal cortex is involved in qualitative individual WM differences. For this objective, we investigated whether prefrontal cortex activity depended on the modality dominance quantified in the first searching task.

### Experimental setup {#sec009}

Each participant was seated on a chair facing an LCD monitor with their right hand holding a computer mouse on a desk. During the fNIRS task, the right hand was hidden by a small rack. For measurement of prefrontal activity, we used a multichannel fNIRS system (ETG-7100, Hitachi Medical Corporation, Kashiwa, Japan) with sampling at 10 Hz. The fNIRS probes were arranged to cover the prefrontal area. We used a 3 × 5 multichannel probe holder consisting of eight laser sources that emitted at 695 and 830 nm that were alternately arranged with seven detecting probes at an interprobe distance of 3 cm. The midpoint of an emitter/detector pair was defined as a recording channel location. The probe holder was placed on the scalp with its lowest-row center emitter at the participant's Fpz position, according to the standard international 10--20 system (the fNIRS probes and holder setups were identical with our previous study \[[@pone.0238235.ref021]\]).

fNIRS signals reflect hemoglobin changes that originate in cortical tissue due to brain activation and skin blood flow. To eliminate skin blood flow's impact on fNIRS signals, we applied multi-distance independent component analysis (ICA) \[[@pone.0238235.ref023]--[@pone.0238235.ref027]\]. The number of available recording channels was 15 after applying multi-distance ICA. To spatially register fNIRS maps onto the Montreal Neurological Institute coordinate space, we individually measured scalp landmarks and all fNIRS recording channel positions using a 3D magnetic space digitizer (FASTRAK, Polhemus, USA). We then used the position data from all participants' recording channels to estimate spatial profiling without MRI \[[@pone.0238235.ref028]\]. The spatial profile of the recording channels is shown in [Table 1](#pone.0238235.t001){ref-type="table"}.

10.1371/journal.pone.0238235.t001

###### Spatial profiling of each recording channel.

![](pone.0238235.t001){#pone.0238235.t001g}

  CH                                     Localization                           Broadman area   Probability
  -------------------------------------- -------------------------------------- --------------- -------------
  1                                      Left frontopolar cortex                10              1
  2                                      Right frontopolar cortex               10              1
  3                                      Left frontopolar cortex                10              0.972
  Left dorsolateral prefrontal cortex    46                                     0.028           
  4                                      Left frontopolar cortex                10              1
  5                                      Right frontopolar cortex               10              1
  6                                      Right frontopolar cortex               10              0.972
  Right dorsolateral prefrontal cortex   46                                     0.028           
  7                                      Left dorsolateral prefrontal cortex    46              0.496
  Left frontopolar cortex                10                                     0.349           
  Left dorsolateral prefrontal cortex    9                                      0.105           
  Left pars triangularis Broca\'s area   45                                     0.047           
  Left inferior prefrontal gyrus         47                                     0.003           
  8                                      Left frontopolar cortex                10              0.902
  Left dorsolateral prefrontal cortex    9                                      0.098           
  9                                      Right frontopolar cortex               10              0.935
  Right dorsolateral prefrontal cortex   9                                      0.065           
  10                                     Right frontopolar cortex               10              0.888
  Right dorsolateral prefrontal cortex   9                                      0.112           
  11                                     Right dorsolateral prefrontal cortex   46              0.702
  Right frontopolar cortex               10                                     0.298           
  12                                     Left dorsolateral prefrontal cortex    9               0.628
  Left frontopolar cortex                10                                     0.186           
  Left dorsolateral prefrontal cortex    46                                     0.145           
  Left includes frontal eye fields       8                                      0.041           
  13                                     Left dorsolateral prefrontal cortex    9               0.770
  Left frontopolar cortex                10                                     0.127           
  Left includes frontal eye fields       8                                      0.103           
  14                                     Right dorsolateral prefrontal cortex   9               0.741
  Right frontopolar cortex               10                                     0.171           
  Right includes frontal eye fields      8                                      0.088           
  15                                     Right dorsolateral prefrontal cortex   9               0.657
  Right frontopolar cortex               10                                     0.199           
  Right dorsolateral prefrontal cortex   46                                     0.144           

### Procedure {#sec010}

The fNIRS task consisted of eight sessions, each comprising seven alternating 15-s rest and task blocks with an additional rest block inserted at the end of each session (i.e., 15 blocks per session). During the task blocks, the participants were instructed to push the computer mouse button at about 1 Hz by tapping their finger. We additionally instructed individuals to count visual stimuli as the cognitive task. The monitor presented a red circular visual cursor with a random number of times in each task block. It should be noted that the effect of cognitive processing is not expected when a task is too easy for participants \[[@pone.0238235.ref029]--[@pone.0238235.ref031]\]. Further, individual differences in cognitive level may not appear when task difficulty is insufficient for participants \[[@pone.0238235.ref010]\]. Therefore, we applied a cognitive-motor dual-task for the task blocks to adequately increase task difficulty so that individual differences in WM ability could be easily observed in prefrontal cortex activity. We utilized a simple motion for the motor task to minimize motion artifacts in the fNIRS signals. By contrast, during the rest blocks, the participants were required to gesture the numbers of visual stimuli in the immediately preceding task block using their fingers. Except for the gesture, the participants did not need to perform any cognitive or motor task during the rest blocks.

### Analysis {#sec011}

*Tapping frequency*. We calculated the mean tapping frequency for each session and subtracted the mean tapping frequency of the first two sessions from the mean of the last two sessions to evaluate changes in motor intensity during repeated fNIRS sessions (Δ*Freq*).

*Counting accuracy*. We calculated the counting accuracy for visual stimuli by dividing the number of blocks with a correct response by the total number of task blocks and excluded participants with accuracy of less than 90%.

*Preprocessing for fNIRS data*. To estimate local neural activity, we measured oxygenated hemoglobin (oxy-Hb) and deoxygenated hemoglobin (deoxy-Hb) signals. Individual oxy-Hb and deoxy-Hb signals of each channel were fitted to a first-degree polynomial. We then applied low-pass filtering at a cut-off frequency of 0.9 Hz to remove heartbeat pulsations. We expected task-related signals to be oxy-Hb and deoxy-Hb slow waves with a cycle close to the length of one block set (task block + rest block = 30 s). To remove waves that were much slower than the block cycle, we applied high-pass filtering at a cut-off frequency of 0.0167 Hz \[1/(30 s × 2)\]. Blocks with marked motion-related artifacts were removed. We referred to the Platform for Optical Topography Analysis Tools (POTATo; Research & Development Group, Hitachi, Ltd.) for these preprocesses.

Raw fNIRS signals are relative values and so cannot be directly compared or averaged across channels or participants. Thus, for comparison and statistical analysis, we first converted the preprocessed oxy-Hb and deoxy-Hb signals into z scores using the mean value and standard deviation of oxy-Hb and deoxy-Hb signal changes during the 10 s before starting each task block (baseline) \[[@pone.0238235.ref032]\]. We then averaged z time course data across available blocks in the 1st and 2nd sessions and the 7th and 8th sessions.

*Prefrontal activity*. As representative values of prefrontal activity level, we calculated the average z scores in the latter half of individual z time courses (i.e., from 7.5 to 15 s). We defined the average z score from the mean z profile across the 1st and 2nd sessions as the initial prefrontal activity (*Z*~*Init*~) and that from the mean z profile across the 7th and 8th sessions as the final prefrontal activity (*Z*~*Final*~). Further, to quantify the change of neural activity, we subtracted *Z*~*Init*~ from *Z*~*Final*~ (Δ*Z*).

Statistical analysis {#sec012}
--------------------

For the first searching task, average searching costs under the tactile and visual conditions were compared using a paired *t*-test. For the second fNIRS task, we calculated the Pearson correlation coefficient (r) between the inter-subject variance of modality dominance in WM (quantified in the first searching task) and that of prefrontal activities in the second fNIRS task (*Z*~*Init*~, *Z*~*Final*~, and Δ*Z*). A *p* \< 0.05 (two-tailed) was considered significant for all tests.

Results {#sec013}
=======

Task 1: Quantifying individual WM modality dominance {#sec014}
----------------------------------------------------

### Searching cost and modality dominance in WM {#sec015}

No participants reported fatigue during the searching task. It took 18 ± 4.99 min to complete the 30 trials without any break.

Before labeling the individual modality dominance, we first compared motor performance between the tactile and visual conditions for the entire cohort. In both tactile and visual conditions, the participants gradually reduced searching cost over successive trials ([Fig 2A](#pone.0238235.g002){ref-type="fig"}). On average, the participants showed significantly lower searching cost under the visual condition compared to the tactile condition ([Fig 2B](#pone.0238235.g002){ref-type="fig"} \[*p* = 0.0030, paired *t*-test\]). However, modality dominance varied widely among participants, with eight participants showing lower searching costs under the tactile condition and sixteen under the visual condition. Based on differences in average searching cost between the tactile and visual conditions, we labeled the 24 participants as Tactile-dominant (TD) or Visual-dominant (VD) individuals ([Fig 2C](#pone.0238235.g002){ref-type="fig"}). The left and right panels of [Fig 2C](#pone.0238235.g002){ref-type="fig"} illustrate typical searching cost transitions in individuals with relatively stronger TD (participant nos. 1--5) and VD (participant nos. 20--24).

![Searching cost transitions and individual WM modality dominance.\
The top panels show motor performance within the entire cohort, prior to individual modality dominance labeling. (A) Average trial-by-trial searching cost transition under tactile (blue) and visual (green) conditions. (B) Average searching cost under both conditions. (C) Differential searching costs between tactile and visual conditions sorted in descending order. Positive and negative values indicate individuals with tactile dominance (TD; blue bars) and visual dominance (VD; green bars), respectively. The left and right panels show the typical trial-by-trial searching cost transition in TD (participant nos. 1--5) and VD (participant nos. 20--24) individuals. Error bars denote the standard error. \*\**p* \< 0.01.](pone.0238235.g002){#pone.0238235.g002}

Task 2: Recording prefrontal cortex using fNIRS {#sec016}
-----------------------------------------------

### Tapping frequency {#sec017}

We confirmed that the participants performed continuous tapping movements with a slight increase in frequency (first two sessions: 1.28 ± 0.19 Hz, last two sessions: 1.43 ± 0.20 Hz; paired *t*-test, *p* = 0.061; Δ*Freq* range: −0.21 to 0.59 Hz).

### Counting accuracy {#sec018}

As all participants showed counting accuracy over 90% (96.80 ± 0.49%), we analyzed all participants' data in the second fNIRS task.

### Prefrontal activity {#sec019}

The numbers of the blocks remaining for averaging z time courses after elimination of those with marked motion-related artifacts were 13.29 ± 0.27 blocks (94.94%) in the 1st and 2nd sessions and 13.13 ± 0.29 blocks (93.75%) in the 7th and 8th sessions, respectively.

We investigated whether there was a relationship between the inter-subject variance of WM modality dominance (i.e., performance in Task1) and that of fNIRS signal and found that there were significant correlations with neural activity changes of oxy-Hb in bilateral prefrontal areas (Δ*Z*) (left area: ch.7 r = 0.42, *p* = 0.039; ch.8 r = 0.41, *p* = 0.046; ch.12 r = 0.40, *p* = 0.0505. right area: ch.2 r = 0.40, *p* = 0.0502; ch.6 r = 0.46, *p* = 0.025; ch.11 r = 0.45, *p* = 0.026. other channels −0.023 \< r \< 0.36, *p* \> 0.091) ([Fig 3](#pone.0238235.g003){ref-type="fig"}). Note that, among the channels with significant correlations between oxy-Hb Δ*Z* and WM modality dominance, only ch.7 also showed a significant correlation with the inter-subject variance of Δ*Freq* (ch.6: r = −0.23, *p* = 0.46; ch.7: r = −0.80, *p* = 0.0011; ch.8: r = −0.018, *p* = 0.95; ch.11: r = −0.31, *p* = 0.31). However, we found no evidence of a correlation between the inter-subject variance of oxy-Hb Δ*Z* and that of counting accuracy in the focused channels (ch.6: r = −0.22, *p* = 0.35; ch.7: r = −0.20, *p* = 0.41; ch.8: r = 0.12, *p* = 0.62; ch.11: r = −0.16, *p* = 0.50).

![Spatial configurations of the t-values from correlation analysis between individual modality dominance and Δ*Z* (Oxy-Hb).\
Scatter plots show the inter-subject distributions in channels with significant correlation coefficients. The positive and negative values of Δ***Z*** indicate increasing and decreasing activity, respectively. BA: Brodmann area, \**p* \< 0.05 (uncorrected).](pone.0238235.g003){#pone.0238235.g003}

The inter-subject variance of prefrontal oxy-Hb activity strength itself (*Z*~*Init*~ and *Z*~*Final*~) was not significantly correlated with individual WM modality dominance quantified in the first searching task. Only the inter-subject oxy-Hb variance in *Z*~*Init*~ of ch.6 demonstrated a marginally significant correlation with WM modality dominance (ch.6: r = −0.40, *p* = 0.052; other channels: −0.32 \< r \< 0.19, *p*'s \> 0.13). No channel showed a significant correlation (−0.026 \< r \< 0.35, *p*'s \> 0.10) at the final activity level (*Z*~*Final*~). Regarding deoxy-Hb, the inter-subject variance of *Z*~*Init*~ and *Z*~*Final*~ were not significantly correlated with individual WM modality dominance (*Z*~*Init*~: −0.31 \< r \< 0.19, *p*'s \> 0.14; *Z*~*Final*~: −0.17 \< r \< 0.23, *p*'s \> 0.28). Only the inter-subject variance in Δ*Z* of ch.11 was significantly correlated with WM modality dominance (ch.11: r = 0.46, *p* = 0.024; other channels: −0.26 \< r \< 0.34, *p*'s \> 0.11), but the deoxy-Hb Δ*Z* in ch.11 and Δ*Freq* did not show significant correlation (r = −0.13, *p* = 0.67).

In those channels with significant correlations between Δ*Z* of oxy-Hb and WM modality dominance as shown in [Fig 3](#pone.0238235.g003){ref-type="fig"}, individuals with stronger visual dominance showed decreasing activities during the cognitive-motor dual-task. As an example of the typical activity change in the current task, we present differences in the fNIRS signals of ch.7 and ch.11 between TD and VD individuals. [Fig 4](#pone.0238235.g004){ref-type="fig"} shows the temporal z score profiles averaged across the task blocks during the 1st and 2nd sessions and the 7th and 8th sessions. Oxy-Hb profiles showed a marked difference between TD individuals (participant nos. 1--5) and VD individuals (participant nos. 20--24). TD individuals did not show large oxy-Hb changes over repeated fNIRS sessions. By contrast, oxy-Hb was reduced during later sessions in the VD individuals. No marked deoxy-Hb differences were observed between TD and VD individuals. The temporal profiles of the all recording channels are shown in S1 to S4 Figs in [S1 File](#pone.0238235.s001){ref-type="supplementary-material"}.

![Temporal z scores in ch.7 \[mainly left DLPFC (Brodmann area 46) and FPC (Brodmann area 10)\] and ch.11 \[right DLPFC (Brodmann area 46) and FPC (Brodmann area 10)\].\
The four left panels and four right panels show the average oxy-Hb (red) and deoxy-Hb (blue) responses in TD (participant nos. 1--5) and VD (participant nos. 20--24) individuals, respectively. The upper row shows the first two sessions and the lower row shows the last two sessions. The lighter colored regions around the time course lines indicate the standard error. Time zero in the horizontal axis indicates the start time of a task block.](pone.0238235.g004){#pone.0238235.g004}

Discussion {#sec020}
==========

As shown in other cognitive functions such as motor imagery and focus of attention \[[@pone.0238235.ref009]--[@pone.0238235.ref011], [@pone.0238235.ref021]\], we found marked variation in individual WM ability characterized by qualitative dimensions based on the dominance of sensory modality. We also found that the prefrontal activities were significantly correlated with the degree of modality dominance, supporting our hypothesis that the DLPFC and FPC is one of the important regions encoding individual qualitative aspects of the WM system.

In addition to quantitative attributes, such as capacity \[[@pone.0238235.ref005], [@pone.0238235.ref006]\], individual WM ability has qualitative characteristics based on sensory modality dominance. The current findings of individual differences based on modality dominance are consistent with our previous studies that investigated attentional strategy and motor imagery \[[@pone.0238235.ref009]--[@pone.0238235.ref011]\]. This indicates that modality dominance for sensory processing, especially the contrast between tactile/somatosensory and visual processing, is a fundamental property common to extensive cognitive functions beyond WM. The mutual interactions between WM and attentional control \[[@pone.0238235.ref033]--[@pone.0238235.ref036]\] and models that propose attentional control as a critical aspect of WM executive function \[[@pone.0238235.ref037], [@pone.0238235.ref038]\] also support the importance of modality dominance as a qualitative aspect that characterizes individual cognitive functions.

Consistent with our previous studies \[[@pone.0238235.ref010], [@pone.0238235.ref021]\], we also confirmed that individual modality dominance is determined by the ability to process internal body information rather than the external environmental information such as visual stimuli. Indeed, in the current study, the inter-subject variance of modality dominance showed a significant correlation with searching cost only under the tactile condition (tactile condition: r = −0.62, *p* = 0.001. visual condition: r = 0.04, *p* = 0.87, see S5 Fig in [S1 File](#pone.0238235.s001){ref-type="supplementary-material"}), suggesting that qualitative WM ability could depend on whether individuals are accustomed to processing internal body information (rather than "which sensory modality is most efficiently encoded by WM"). The individuals with visual dominance may therefore rely on visual information because they are relatively poor at processing internal body information.

The current findings identified the bilateral DLPFC and FPC as one of the potential regions contributing to individual modality dominance in WM. Furthermore, the lack of correlation between the inter-subject variance of activity change in the bilateral DLPFC/FPC (i.e., Δ*Z* of oxy-Hb) and that of cognitive performance during fNIRS measurement supports the conclusion that individual WM ability rather than task difficulty is a stronger influential factor on the observed individual differences in bilateral DLFPC/FPC activities found in our cohort. Numerous studies have implicated DLPFC and FPC function in WM. For instance, the right prefrontal cortex showed significantly enhanced activity when individuals were required to maintain spatial information \[[@pone.0238235.ref016], [@pone.0238235.ref039]\]. The involvement of these areas for visuospatial WM was further suggested by a transcranial direct current stimulation study \[[@pone.0238235.ref015], [@pone.0238235.ref040]\] and a patient study \[[@pone.0238235.ref041]\]. On the other hand, while the left prefrontal cortex also contributes to maintaining visuospatial information in WM \[[@pone.0238235.ref016], [@pone.0238235.ref017]\], this area also processes internal body information such as tactile and somatosensory information during cognitive tasks \[[@pone.0238235.ref019], [@pone.0238235.ref020]\]. Hence, WM functions mediated by the right and left prefrontal areas could have distinct modality dependencies. However, bilateral prefrontal areas are strongly connected and this connectivity enhances cognitive and motor performance \[[@pone.0238235.ref042]\], implying that right and left prefrontal networks cooperatively process multimodal sensory information rather than independently processing different sensory modalities. Thus, the functional level of multimodal sensory processing in the right and left DLPFC/FPCs might confer modality dominance in WM. In the current study, the bilateral prefrontal area activities were reduced across repeated fNIRS sessions. Previous studies also reported a decrease in prefrontal activity associated with familiarity or higher skill level during cognitive tasks \[[@pone.0238235.ref043]--[@pone.0238235.ref045]\]. Thus, the decreased prefrontal activity observed in individuals with enhanced visual dominance may reflect efficient cognitive processing, especially the efficient multimodal sensory processing.

It is important to note that comparing bilateral prefrontal areas revealed that the right DLPFC/FPC is more likely to reflect individual modality dominance than the left DLPFC/FPC. There are two possible reasons for this finding. First, we cannot dissociate the effect of the motor component on left DLPFC/FPC activity. The left DLPFC/FPC is extensively connected to motor-related areas \[[@pone.0238235.ref046]\] and increased tapping frequency in the fNIRS task was associated with decreased neural activity in ch.7, the left DLPFC/FPC. Therefore, it is possible that reduced neural activity in the left prefrontal area represents a motor effect associated with the degree of motor automaticity. Second, individual modality dominance correlated with oxy-HB and deoxy-Hb signals in ch.11, the right DLPFC/FPC. Deoxy-Hb signals are less sensitive than oxy-Hb signals to changes in cerebral blood flow \[[@pone.0238235.ref047], [@pone.0238235.ref048]\]. Thus, the right DLPFC/FPC correlated with deoxy-Hb would have a higher sensitivity to the individual modality dominance. However, as shown in [Fig 4](#pone.0238235.g004){ref-type="fig"}, some deoxy-Hb profiles did not show classical responses such as an opposite response between oxy-Hb and deoxy-Hb (e.g., ch.7 and ch.11 in the first two sessions among the VD individuals). In the context of this unexpected finding, there is the possibility that the observed deoxy-Hb signal contains artifact components in addition to the neural activity reflecting individual WM ability. Therefore, we posit that the correlation observed in the deoxy-Hb signal may not be a critical one.

Based on the involvement of the prefrontal area in processing internal body information \[[@pone.0238235.ref013], [@pone.0238235.ref019], [@pone.0238235.ref020]\], we argue that differences in the prefrontal activities underly individual WM modality dominance and that modality dominance is a primary individual cognitive characteristic. However, we cannot fully reject the possibility that the prefrontal activities observed in the current study reflect individual perceptual sensitivity to internal body sensory inputs rather than cognitive processing. Nevertheless, it is certain that modality dominance conferred by the prefrontal cortex is a central qualitative aspect of the individual brain function.

Many recent studies have examined the potential for prefrontal area neuromodulation to improve cognitive or motor function, but the variability in neuromodulation training effects is high \[[@pone.0238235.ref049], [@pone.0238235.ref050]\]. This training variability among participants may be due to qualitative individual differences in brain function, as demonstrated in this study. Thus, the current findings will help to establish tailor-made intervention protocols to maximize individual training effects during neuromodulation procedures.

Conclusions {#sec021}
===========

We reveal qualitative individual differences in WM for specific sensory modalities. These differences were largely dependent on distinct prefrontal activity patterns, especially in the bilateral DLPFC and FPC. Thus, these regions are a critical neurological locus that mediates an individual's modality dominance in cognitive function. Further, they might be an interventional target to develop personalized neuromodulation protocols in rehabilitation and sports training using transcranial direct current stimulation, transcranial magnetic stimulation, and neurofeedback.

Supporting information {#sec022}
======================

###### 

(PDF)

###### 

Click here for additional data file.

We thank M. Hirai at the Jichi Medical University for help and encouragement.

[^1]: **Competing Interests:**The authors have declared that no competing interests exist.
